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Abstract — In this paper a fractional order proportional-
derivative (FO-PD) control strategy is presented and applied to 
AR.Drone quadrotor system. The controller parameters are 
calculated based on specifying a certain gain crossover frequency, 
a phase margin and a robustness to gain variations. Its 
performance is compared against two other integer order 
controllers; i) Extended Prediction Self-Adaptive Control 
(EPSAC) approach to Model Predictive Control (MPC) ii) Integer 
order PD controller. The closed loop control simulations applied 
on the AR.Drone system indicate the proposed controller 
outperforms the integer order PD control. Additionally, the 
proposed controller has less complexity but similar performance 
as MPC based control. 
Index Term — Fractional Order Control, Fractional Calculus, 
Unmanned Aerial Vehicle , Proportional-Derivative Controller，
EPSAC. 
I. INTRODUCTION 
In recent years, research interest in Unmanned Aerial 
Vehicles (UAVs) has increased due to its potential use for 
several applications such as: aerial photogrammetry [1], 
agriculture [2], habitat mapping [3] and military tasks [4]. This 
is possible in drones due to the ability to perform dangerous and 
repetitive tasks in remote and dangerous environments. 
Therefore, UAVs are suitable for performing more important 
functions, such as the flight maneuver [5]. This great interest in 
the UAV has led to the development of several types of 
unmanned aerial systems that vary in shape and size for using in 
different tasks [6]. Among the main types of unmanned aerial 
vehicles that are mentioned in this article are the following: 
single-rotor helicopters, multiple-rotor aircraft, fixed-wing 
aircraft and hybrid combinations [7]. Each of these platforms has 
its own advantages and disadvantages that allow the user to 
decide which is the best option according to the task to complete. 
 
On the other hand, nowadays, there is a better understanding 
about the potential use of fractional calculus (FC) .Thus, 
fractional order controllers (FOC) are studied extensively in 
relation to diverse applications [8-11]. Robustness and 
feasibility are validated during the implementation of FOC as 
informed in [12-14]. The presence of disturbances and other 
factors such as wind speed and direction, unmodeled dynamics 
and uncertainties are one of the most important operational 
aspects for unmanned aerial vehicles in trajectory tracking [15]. 
 
 In this work a fractional order proportional-derivative            
(FO-PD) controller for path-following control is proposed. The 
variations are obtained based on specifying a certain gain 
crossover frequency, phase margin and robustness. The 
performance is compared against two other integer order 
controllers based on Extended Prediction Self-Adaptive Control 
(EPSAC) approach to Model Predictive Control (MPC) and PD 
controllers developed in [16]. In order to qualitatively compare 
performance, the tracking error and disturbance rejection are 
used as evaluation criteria, using the well-known performance 
indexes IAE and ISE. 
 This paper is structured as follows. In section II, the 
AR.Drone quadrotor is fully described. Theory of fractional 
order PD based on specifying a certain gain crossover frequency, 
phase margin and robustness and MPC-EPSAC is briefly 
exposed in section III. Simulation and analysis results for 
AR.Drone quadrotor are presented in section IV. Finally, the 
conclusions are given in section V.   
II. DESCRIPTION OF THE AR.DRONE QUADROTOR SYSTEM 
A. System Description  
      AR.Drone 2.0 is a commercial and low cost quadrotor. This 
platform consists of four propeller blades arranged 
symmetrically around a central unit, where the sensors and the 
main control board are located. This quadrotor has four basic 
movements: pitch, roll, throttle and yaw as shown in Fig.1. The 
measurement system consists of different motion sensors that 
together constitute the Inertial Measurement Unit (IMU). It also 
has an ultrasonic sensor and a pressure sensor for altitude 
estimation. While the orientation of the quadrotor with respect 
to the base station is given by a 3-axis magnetometer. On the 
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other hand, the communication between the quadrotor and the 
base station is made through a Wi-Fi connection within a range 
of [30 - 100] m, for indoor and outdoor environment, 
respectively. This platform has two integrated video cameras 
that are mounted in the central hull. The resolution of the front 
camera is 1280x720 and the lower one is 640x360 with a video 
transmission speed of 30 FPS and 60 FPS for the front and 
lower cameras. More details on the internal structure of this 
flight platform is shown in [17, 18]. 
 
Fig. 1. Basic motions of the AR.Drone quadrotor: pitch, roll, throttle and 
yaw [18] 
B. AR.Drone quadrotor model 
The AR.Drone quadrotor is a multivariable system, highly 
non-linear with an unstable nature. However, due to the 
embedded operating system that it has, the quadrotor can be 
considered as a Linear Time Invariant (LTI) System. Therefore, 
through parametric identification techniques in this case  
prediction error method and Pseudo-Random Binary Signal 
(PRBS) several linear models for each degree of freedom have 
been obtained, as reported in [18,19]. The AR.Drone quadrotor 
models are presented as follows: 
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where { , , , }outx y z   are the system outputs for x,y                       
positions (m), z altitude (m)  and  yaw angle (rad). The system 
is affected by four inputs{ , , , }
x y z
in in in inV V V V

, which indicate the 
linear velocities on longitudinal/ transversal axes, vertical speed 
and yaw angular speed respectively. These control parameters 
given to the system controllers are values between [-1, 1] and 
represent the percentages of the minimum or maximum of 
configured value for the respective movements. 
III. CONTROL STRATEGIES  
      The second-order process with time delay approximated 
form (1) is: 
( ) ,    0
( 1)
bsKP s e b
s s
 

                     (2) 
where K is the process gain, τ is the time constant and b is the 
time delay. 
A. Fractional order PD based on gain-crossover method 
     The transfer function of the fractional order PD (FO-PD) 
controller is indicated below: 
( ) (1 )FO PD p dC s k k s

                        (3) 
with the controller parameters defined as follows: (0 2)     is 
the fractional order and kp, kd are the proportional and derivative 
gains, respectively. This design method for FO-PD controllers is 
based on three performance specifications [8]: i) a gain 
crossover frequency ωgc, ii) a phase margin m  and iii) the iso-
damping property (i.e. robustness to changes in gain). The 
following conditions must hold, in order to ensure them. 
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      Copen-loop(s) is the loop transfer function defined as:                    
Copen-loop(s) = P(s)CFO-PD(s), P(s) is the transfer function of the 
process to be controlled and CFO-PD(s) is the FO-PD controller 
defined in (3). Also, the following equation for the fractional 
order PD controller in (3) is obtained taking gcs j :   
( ) [1 (cos sin )]
2 2
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                (5) 
where gc is the gain crossover which is related to the setting 
time of the close loop systems [21]. A small gain crossover will 
result in a larger close loop setting time. 
The phase of the open loop transfer function is computed as: 
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Using (5) and (6), the performance specifications in (4) become 
1
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      In order to completely tune the FO-PD controller, the 
modulus |P(jωgc)|, phase φp(jωgc) and phase slope ( )
gc
d P j
d  

 

of the process at the gain cross over frequency have to be 
known, for which the equation (2) is used: 
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To tune the FO-PD controller, the nonlinear equations (7), 
(8) and (9) need to be solved using either optimization 
techniques or graphical methods. For the implementation of 
fractional order controller is necessary to approximate the 
fractional order operator sμ to integer-order transfer function 
using some method of finite dimensional approximation. The 
approximation method used here is the Modified Oustaloup 
Filter given by [8]. Finally, the algorithm to tune the parameters 
of the FO-PD controllers is proposed as follows: 
Algorithm 1: Compute fractional order PD controller 
parameters 
1: for ωgc=1:0.1:5 do 
2:      for ϕm=45:1:80 do 
3:        compute kd and μ using (8) and (9) 
4:        compute kp using (7) 
5:        modified Oustaloup Filter (kp,kd,μ) 
6:        compute close loop transfer function  
7:        compute step response   
8:          select the controller according to design specifications  
9:    end for 
10: end for 
11: Among the controllers, choose the best based on  
12: the IAE and ISE criterions. 
 
B. MPC-EPSAC  
      Model Predictive Control (MPC) is a type of control that 
use the dynamic model of the process to obtain the control 
signal by minimizing an objective function over a time horizon 
in the future. In this work the Extended Prediction Self-
Adaptive Control (EPSAC) approach to MPC proposed in [20] 
is used. MPC-EPSAC strategy was implemented in simulation 
for the four basic movements of the quadrotor. Where, a 
combination of long prediction horizon (N2), coincidence 
horizon (N1), filter parameter α, disturbance model C/D based 
on CARIMA model and a short control horizon (Nu) was 
considered to achieve a fast response without overshoot and a 
higher robustness in the controller as reported in [16].  
IV. SIMULATION AND ANALYSIS RESULTS 
In this section, FO-PD based on gain-crossover method and 
two additional integer order controllers are applied to the 
AR.Drone model. The parameters of PD and MPC-EPSAC 
integer controllers are obtained from [16]. The FO-PD 
parameters are calculated according to the algorithm described 
in section III with the following design specifications:                
overshoot percent %OS< 5%, setting time ts< 3 seconds for            
x, y, z positions and a setting time ts< 2 seconds for the 
angle/orientation (yaw). The controller parameter values 
obtained with different methods are given in Table I. 
TABLE I.   
CONTROLLER PARAMETERS 
FO-PD   
Control kp kd μ m  ωgc (rad/s) 
x ,y 1.06 0.53 1.17 72o 4.9 
z 2.98 0.24 1.14 80o 2 
yaw 1.42 0.08 1.19 75o 4 
PD  
Control kp kd N 
x ,y 0.15 0.96 1 
z 1.6 0.46 1 
yaw 1.52 0.08 1 
EPSAC 
Control N1 N2 Nu   
Noise Filter:  
C/D 
x ,y 3 17 1 0 
( )
( )
C s
sA s
  z 3 18 1 0 
yaw 3 6 1 0 
 
      The performance of the controllers is shown in Fig. 2, where 
the AR.Drone is requested to follow six setpoints in the 3D 
space. The task consists in sequentially following the 
waypoints, starting at point 0 and ending at 6. 
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Fig. 2.  The 3D response for path-following of the AR.Drone 
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      The results shown in Fig. 3 to Fig. 6 are illustrating tracking 
performance from 0 to 1 for all positions, altitude and angle/ 
orientation. All controls provide a desired behavior during the 
path-following.  
      Fig. 3 and Fig.4 depict the results for position control (x,y) 
with different controllers. Where, controllers FO-PD based on 
gain-crossover method and MPC-EPSAC obtain similar results 
in reference tracking and better than PD controller. 
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Fig. 3. Position control X 
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Fig. 4. Position control Y 
      While, Fig.5 and Fig.6 depict the results for altitude (z) and 
angle/orientation (yaw) control. Which indicates that FO-PD 
gain-crossover method achieves a faster response and reference 
tracking than other controllers. 
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Fig. 5. Altitude control Z 
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Fig. 6. Angle/orientation control Yaw 
For the case of translational movements over X and Y axis, a 
more distinguishable difference in the control performance of 
the controllers is observed in Fig. 7. Where is noticed that           
FO-PD and MPC-EPSAC controllers have a better reference 
tracking than PD controller. 
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Fig. 7. Results obtained for the controllers following a trajectory in a 2D 
space. 
On the other hand, stabilization under wind gust condition is 
extremely important for UAVs. If the controller cannot handle 
the disturbance rejection problem properly, the performance of 
UAV will be deteriorated and it will even cause crash. Fig.8 
depicts the wind disturbance response, where wind gusts 
between [0.3 - 0.7] m/s during 0.5 s are introduced, the results 
show that FO-PD controller has the shortest settling time and 
small overshoot compared with other controllers. 
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Fig. 8. Wind disturbance response comparison 
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Finally, a performance analysis is realized using indexes of 
the absolute integral error (IAE) and integral squared error (ISE) 
to evaluate the performance in reference tracking and 
disturbance rejection respectively:  
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The calculated performance indexes are given in the        
Table II. According to the average value of IAE calculated,     
FO-PD and MPC-EPSAC obtain a similar reference tracking 
performance during the total path-following. They both present 
a better performance than PD controller.  
On the other hand, ISE index indicated that FO-PD based on 
gain-crossover method achieves better wind disturbance 
rejection during translational movements over x and y, altitude 
and angle/orientation control. 
TABLE II.   
PERFORMANCE INDEXES FOR THE DIFFERENT CONTROLLERS 
Control Indexes 
Controllers 
FO-PD PD EPSAC 
x 
IAE 66.76 76.65    55.12 
ISE  181.83 962.01  191.97 
y 
IAE 66.76 76.65    55.12 
ISE    64.77 346.64   67.68 
z 
IAE 71.58 83.98 68.90 
ISE    14.40   23.88  26.94 
Yaw 
IAE 20.90  15.34 15.57 
ISE    14.71  13.27  23.54 
Total 
IAE 56.56  63.15 48.67 
ISE 68.92 336.45 77.53 
 
 
V. CONCLUSIONS 
In this paper, a fractional order PD (FO-PD) is presented. 
The system margin requirements are guaranteed by three 
performance specifications: a gain crossover frequency, phase 
margin and the iso-damping property. 
The proposed controller is applied to the AR.Drone model, 
and the performance is compared against two integer order 
controllers based on i) MPC- EPSAC and ii) integer order PD 
control.  
The simulation results show that the proposed method can 
obtain similar reference tracking performance with MPC-
EPSAC. However, FO-PD achieves better wind disturbance 
rejection during translational movements over X and Y, altitude 
and angle/orientation control. Further extension of this work 
could be the validation on AR.Drone system. 
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